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ABSTRACT
Major Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC) detected the gamma-ray af-
terglow of GRB 190114C, which can constrain microscopic parameters of the shock-heated plasma
emitting non-thermal emission. Focusing on the early afterglow of this event, we numerically simulate
the spectrum and multi-wavelength light curves with constant and wind-like circumstellar medium
using a time-dependent code. Our results show that the electron acceleration timescale at the highest
energies is likely shorter than 20 times the gyroperiod to reproduce the GeV gamma-ray flux and its
spectral index reported by Fermi. This gives an interesting constraint on the acceleration efficiency
for Weibel-mediated shocks. We also constrain the number fraction of non-thermal electrons fe, and
the temperature of the thermal electrons. The early optical emission can be explained by the thermal
synchrotron emission with fe . 0.01. On the other hand, the X-ray light curves restrict efficient
energy transfer from protons to the thermal electrons, and fe ∼ 1 is required if the energy fraction
of the thermal electrons is larger than ∼ 10%. The parameter constraints obtained in this work give
important clues to probing plasma physics with relativistic shocks.
Subject headings: acceleration of particles — gamma-rays: bursts — radiation mechanisms: non-
thermal
1. INTRODUCTION
Gamma-ray burst (GRB) 190114C at redshift z =
0.4245 is the first gamma-ray burst detected with
imaging atmospheric Cherenkov telescopes (IACTs).
MAGIC Collaboration (2019) reported gamma-ray de-
tection in the energy range of 0.2–1 TeV from 62 s to
2454 s after the trigger by the Swift-BAT. The spec-
tral component in this energy range is naturally inter-
preted as the synchrotron self-Compton (SSC) emission
from the afterglow caused by electrons accelerated at
a blastwave (MAGIC Collaboration, et al. 2019, here-
after, MAGIC-MWL paper), because the photon en-
ergy is significantly larger than the maximum photon
energy expected by synchrotron radiation (see also the
case in GRB 130427A, Ackermann et al. 2014). The
SSC interpretation has been supported by Wang et al.
(2019); Fraija et al. (2019); Derishev & Piran (2019);
Zhang et al. (2020).
The SSC component in the early afterglow uniquely
provides the physical information of the external shock
in the early stage (see §3). In this paper, adopting the
time-dependent code in Fukushima et al. (2017), we sim-
ulate the broadband emission of the afterglow in GRB
190114C. We focus on the microscopic parameters for
the particle acceleration in the relativistic shock, espe-
cially the particle acceleration timescale, the number
fraction of the accelerated electrons and the tempera-
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ture of the thermal electrons. Although many stud-
ies on this topic have discussed from theoretical point
of view (e.g., Spitkovsky 2008; Lemoine & Pelletier
2011; Sironi & Spitkovsky 2011; Sironi et al. 2013;
Kumar et al. 2015), the particle acceleration process and
energy transfer from protons to electrons in GRB after-
glows are not understood yet. The multi-wavelength ob-
servations of GRB 190114C afterglow can bring us hints
for the acceleration mechanism.
In §2 we explain our numerical method, and review
the parameter degeneracy in the afterglow modeling in
§3. We show our results for spectrum and light curves in
§4. In §5 we discuss thermal synchrotron emission in the
early afterglow, from which we can constrain the heating
efficiency of the thermal electrons or the number fraction
of accelerated electrons. §6 is devoted for summary.
2. NUMERICAL METHODS
The afterglow emission is typically attributed to radi-
ation from a shocked-shell relativistically propagating in
the circumstellar medium (external forward shock emis-
sion). Electrons accelerated at the shock (non-thermal
electrons) emit synchrotron photons in a magnetic field
amplified in the downstream. The non-thermal electrons
up-scatter such synchrotron photons as well, and this
process is called SSC emission. In this paper, the tem-
poral evolution of the afterglow emission by the above
two processes is calculated as follows.
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2.1. Method I: Time-Dependent Calculations
We primarily adopt the numerical code in
Fukushima et al. (2017) (hereafter F17). The code
follows the temporal evolutions of the bulk motion of the
shocked shell, magnetic field, and electron and photon
energy distributions in the shell. The shell is assumed
homogeneous within the shell width ∆R. Physical pro-
cesses addressed in the code are photon production and
particle cooling by synchrotron and inverse-Compton
with the Klein–Nishina effect, photon absorption by
synchrotron self-absorption and γγ → e+e− pair pro-
duction, secondary pair injection, adiabatic cooling, and
photon escape from the shell. Integrating the escaped
photons over the shell surface, we obtain the spectral
evolution for an observer with effects of the Doppler
beaming and the curvature of the emission surface to
address the photon arrival time.
The density of the circumstellar medium n and the
shock jump condition provide the energy injection into
the shell. In each time-step, we add magnetic energy by
assuming that the energy fraction ǫB of the downstream
dissipated energy is converted into magnetic energy. The
energy distribution of non-thermal electrons at injection
is estimated by using the standard parameters: the en-
ergy fraction ǫe, and the number fraction fe (see F17 for
details). The injection spectrum is assumed as a single
power-law with an index p, minimum Lorentz factor γm,
and an exponential cutoff at γmax. The value of γmax is
obtained from the balance between the acceleration time
and cooling time as ηγmaxmec/(eB) = tc, where η ≥ 1 is
the acceleration efficiency parameter, and tc is the cool-
ing time due to synchrotron and inverse-Compton pro-
cesses. Neglecting the inverse Compton cooling with the
simple approximation B2/(8π) = 4Γ2nmpc
2ǫB, the max-
imum Lorentz factor is approximated to be
γmax ≈
(
π
2ǫBnmp
)1/4(
3e
2ηΓcσT
)1/2
, (1)
where Γ is the bulk Lorentz factor of the shell.
The minimum Lorentz factor γm is numerically esti-
mated taking into account γmax. In the limit of γmax →
∞, we obtain the well-known formula
γm ≈
ǫe
fe
p− 2
p− 1
(Γ− 1)
mp
me
. (2)
The electron energy distribution with the radiative
cooling effect can be approximated by a broken power-
law (Me´sa´ros & Rees 1997; Sari et al. 1998); the elec-
tron spectrum has a low-energy cutoff at min(γm, γc)
and break at max(γm, γc), where γc corresponds to the
cooling energy determined by equality for the elapsed
time and tc. In the broken power-law approximation,
the spectral index above the break is p + 1, while the
low-energy index is 2 for γm > γc or p for γm < γc. As
shown in F17, our time-dependent numerical code yields
a smoothly curved electron spectrum. The resultant pho-
ton spectrum also shows a smoothly curved feature.
The flux obtained by this code can be different from
the conventional analytical approximation by a factor of
2–3 (F17). The flux difference comes from the exact
treatment in estimates of γmax and γm, the curved elec-
tron spectrum, the flux estimate taking into account the
equivalent arrival time surface, and the time-dependent
treatment with the effects of the adiabatic cooling and in-
verse Compton cooling. As will be shown below, a larger
ǫB compared to that in MAGIC-MWL paper is required
in our calculation.
2.2. Method II: Single-Zone Quasi-Steady Calculations
In this work, we examine the results by an independent
method, using another numerical code in Murase et al.
(2011) (hereafter M11) with some modifications (see also
Zhang et al. 2020b, for details). In this method, we as-
sume that the non-thermal electron distribution follows
a power law. In the fast cooling regime (γc < γm), the
steady-state electron distribution is used, which is given
by
dNe
dγe
=
tc
γe
∫
γe
dγ′e
dN˙ inje
dγ′e
, (3)
where N˙ inje is the injection rate of non-thermal electrons.
In the slow cooling case, we interpolate the injection
spectrum and steady-state spectrum in for γm < γe < γc.
For dynamics, we use the Blandford-McKee solution with
R ≈ 4Γ2ctobs/(1 + z), and the results by this method
agree with the analytical results (Sari et al. 1998). Com-
pared with the results by F17, we find that the results
are in agreement within a factor of 2-3.
One of the main differences comes from the fact that
the single radiation zone is assumed without the inte-
gration over the equivalent time-arrival surface. There
are other two notable differences. At low energies, heat-
ing due to the synchrotron self-absorption process can
enhance the optical flux. In the GeV band, electromag-
netics cascades can fill the dip between synchrotron and
SSC components.
3. REMARKS ON THE PARAMETER DEGENERACY
Before showing our numerical results, we review the
parameter degeneracy in the afterglow modeling. The
evolution of the bulk Lorentz factor Γ is determined by
the total energy E0 and the density of the circumstellar
medium; the constant density n0 or the wind profile n ∝
AR−2. However, as long as E0/n0 or E0/A is the same,
different values of E0 lead to the same evolution of Γ
(Blandford & Mckee 1976).
By adjusting the microscopic parameters, fe, ǫe, and
ǫB, we can obtain the same evolutions of the electron in-
jection rate, γm, and the magnetic field B, for a different
value of E0 (Eichler & Waxman 2005). Even if we ob-
tain all the four spectral parameters, εa, εm, εc, and Fmax
(break energies due to synchrotron self-absorption, γm,
and γc, and the peak flux, respectively; Sari et al. 1998)
at a certain observation time, we cannot determine all
the five model parameters, E0, n0 (or A), ǫe, ǫB, and
fe
1.
In other words, though we cannot determine the prop-
erty of the “thermal” electrons, whose number fraction is
1− fe, all the four practical parameters to yield the non-
thermal emission, the number of non-thermal electrons,
γm, γc, and B, can be uniquely determined by the ob-
served synchrotron spectrum in an ideal case. If we know
1 The injection index p would be directly obtained from the
photon spectral shape in ideal cases.
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all the four parameters above, inverse Compton emission
can be automatically calculated without ambiguity. The
inverse Compton spectrum does not provide additional
information for the non-thermal electrons. The parame-
ter degeneracy is not solved by a detection of the inverse
Compton component.
However, in the very early stage, all the four spectral
parameters for the synchrotron component, especially εa,
are rarely constrained. Since the spectral parameters
evolve monotonically in the standard afterglow model,
εa is usually extrapolated from radio observations in the
late stage (see e.g., Panaitescu & Kumar 2001). How-
ever, the spectral evolution would be affected by the
jet break in the late stage, and radio observations for
some GRB samples have shown inconsistent behaviour
with the standard afterglow model (Kangas & Fruchter
2001). The inconsistency would be resolved by the tem-
poral evolutions of the microscopic parameters, ǫe, ǫB,
and fe (Ioka et al. 2006; Maselli et al. 2014). Even for
GRB 190114C, Misra et al. (2019) claimed that a model
with the evolving microscopic parameters agrees with
their long term radio/mm observations.
If we assume constant values for the microscopic pa-
rameters, we should focus on the spectrum in a limited
time-interval rather than the entire spectral evolution.
Therefore, the inverse Compton component provides a
unique information constraining the model parameters
in the very early stage of an afterglow not using the ob-
servational data in the late stage.
Though the parameters degenerate with fe, common
values of E0fe, n0fe (or Afe), ǫe/fe, and ǫB/fe yield
an identical model for different values of fe. While the
possible constraint on fe will be discussed in section 5, we
fix fe as 0.3 in our calculation with F17, which provides
a reasonable value for E0.
We also have an additional microscopic parame-
ter η, which adjusts the maximum energy of acceler-
ated electrons. Particle-in-cell (PIC) simulations (e.g.,
Sironi et al. 2013) show that the particle acceleration
at a relativistic shock is a diffusive process, in which
γmax ∝ t
1/2. The simulation results imply η ≈ rL/λmin,
where rL is the particle’s Larmor radius, and λmin is the
minimum wavelength of plasma turbulence. In this pa-
per, we will constrain the value of η with our numerical
models, and discuss the consistency with the PIC simu-
lation result.
4. AFTERGLOW SPECTRUM AND LIGHT CURVES
Focusing on the first ∼ 1000 s, we show two models of
the GRB 190114C afterglow emission: the constant cir-
cumstellar medium (ISM model) and the wind-like cir-
cumstellar medium (wind model). In Table 1, we sum-
marize the model parameters for the two models, respec-
tively.
As we have mentioned in the previous section, we
adopt fe = 0.3, which yields E0 ≃ 10
54(fe/0.3)
−1 erg
in our modeling. This value is reasonably larger than
the prompt gamma-ray energy 2.5× 1053 erg.
The optical flux at tobs ∼ 60 s detected with
Swift/UVOT is too bright to be explained by the forward
shock emission. So the optical emission at this stage may
be dominated by the reverse shock component, emission
from a shock propagating inside the ejecta coming from
the central engine. As this component contributes as seed
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Fig. 1.— Evolutions of the bulk Lorentz factor (red, left axis)
and the magnetic field (blue, right axis) for the ISM model. The
time t is measured in the central engine rest frame. The vertical
dashed line corresponds to the deceleration time, and the two ver-
tical dotted lines indicate ∼ 80 s and ∼ 1000 s as the observation
time on earth, respectively.
photons for inverse Compton scattering, we take into ac-
count the reverse shock component by manually adding
a photon field in the shocked shell. The spectrum of
the reverse shock component is assumed to be the Band
function (Band et al. 1993) with the low-energy index
α = −1 and high-energy one β = −2.5. The peak energy
for the Band function is adjusted as ∼ 10−2 eV in the
shell rest frame to reproduce the optical observation.
4.1. ISM Model
In Figure 1, we plot the evolutions of Γ and B versus
time t in the central engine rest frame for the ISM model.
The deceleration time, from which the shock starts to
decelerate, is
tdec=
1
c
(
3E0
4πn0mpc2Γ20
)1/3
(4)
≃ 2.5× 106
(
E0
1054 erg
)1/3 ( n0
1 cm−3
)−1/3( Γ0
600
)−2/3
s.
(5)
The time t can be approximately transformed into the
observer time as tobs = (1 + z)t/(4Γ
2) (Sari et al. 1998),
though the emission detected by an observer at a cer-
tain time is superposition of photons emitted at different
times from different latitudes. In Figure 1, we indicate
the corresponding observer times of tobs = 80 s and 1000
s by dotted lines. Most of afterglow photons we discuss
here are emitted between the two dotted lines.
The reverse shock component is promptly added at
t = 4.9×106 s, which roughly corresponds to tobs = 50 s,
with the energy density of 0.7 erg cm−3 and the spectral
peak energy 2.6 × 10−2 eV in the shell rest frame. The
injected photons gradually escape from the shell with a
timescale of t/(6Γ) in the shell rest frame. With the cur-
vature effect on the dispersion of the photon arrival time,
the resultant reverse-shock light curve shows a smooth
behavior as shown in Figure 3.
Figure 2 shows the afterglow spectrum at tobs = 80
s, when both MAGIC and Fermi detected signals. The
thick line is the case with η = 1, which realizes the the-
oretically highest value of γmax. In this case, the syn-
chrotron emission by the electrons with a Lorentz factor
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TABLE 1
Model Parameters
Model E0 Γ0 n0 A p ǫe ǫB fe
[erg] [cm−3]
ISM (method I) 1054 600 1.0 — 2.3 0.06 9.0× 10−4 0.3
Wind (method I) 1054 300 — 0.1 2.35 0.08 1.2× 10−3 0.3
ISM (method II) 4× 1053 — 0.3 — 2.3 0.1 1.0× 10−3 1.0
?????????????????????????
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Fig. 2.— Model spectra at tobs = 80 s for the ISM model. The
observation data of Swift XRT and Fermi LAT are taken from
Ajello et al. (2020), and the MAGIC date is taken from MAGIC-
MWL paper. We adopt the acceleration efficiency parameter η = 1
for the thick solid line. The blue lines are results with Method I,
and the black line is obtained with Method II. The blue thin lines
show model spectra with η = 10, 100, 1000, 3000, and 10000,
decreasing the 100 MeV flux. The spectral peak at ∼ 1–10 eV is
the “reverse shock” component we set manually.
close to γmax is dominant in 0.1–1 GeV. The seed pho-
tons for the inverse Compton component detected with
MAGIC are dominated by the synchrotron photons from
the forward shock, rather than the reverse shock compo-
nent at the optical energy range.
In Figure 2, we also plot the model spectrum (black
line) obtained by Method II. The model parameters are
shown in Table 1 as ISM (Method II). Although the cur-
vature of the synchrotron spectrum around MeV is differ-
ent from the spectrum obtained by the time-dependent
code, we have obtained similar parameter sets as feE0 ∼
1053.5 erg, fen0 ∼ 0.3, ǫe/fe ∼ 0.1, and ǫB/fe ∼ 10
−3.
Thus, our time-dependent results by F17 are supported
by an independent calculation.
As we decrease γmax by increasing η (see thin blue lines
in Figure 2), the 0.1–1GeV emission is mostly coming
from inverse Compton emission. Since the error in the
0.1–1 GeV flux is large, a very large η seems acceptable
from Figure 2. However, the hard spectra for η & 1000
do not agree with the photon index ∼ −2 reported in
Ajello et al. (2020), and the energy-integrated fluxes in
Figure 3 are inconsistent with the cases of η & 100.
The ion skin depth characterized by the proton plasma
frequency in the downstream is
c/ωpp=
√
Γmpc2
4πe2(4Γn0)
=
√
mpc2
16πe2n0
(6)
≃ 1.1× 107
( n0
1 cm−3
)−1/2
cm, (7)
which is independent of the bulk Lorentz factor Γ. The
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Fig. 3.— Model light curves for the ISM model. The observation
data are taken from Ajello et al. (2020) (0.7–10 keV, 10 keV–1
MeV, 0.1–1 GeV) and MAGIC-MWL paper (optical, 0.3–1 TeV).
The thick lines show the model with η = 1. The red thin lines
show the light curves for 0.1–1 GeV with η = 10, 100, 1000, 3000,
and 10000, decreasing the flux. The optical bump at ∼ 20–100 s is
the “reverse shock” component we set manually.
shortest wavelength mediated by the ion-Weibel insta-
bility can be expressed as λmin = αc/ωpp, where the
dimensionless parameter α ∼ 10 (Ruyer & Fiuza 2018).
The parameter η is inferred as ∼ rL/λmin by PIC sim-
ulations (Sironi et al. 2013). This factor is estimated
for electrons with the maximum Lorentz factor by using
Equation (1) and the expression of the acceleration time
(see also Equation (1) of Ohira & Murase 2019) as
ηWeibel≈
1
Γ
1
(2mp)
5
6 ǫ
1
2
B
(me
α
) 2
3
(
π
n0
) 1
6
(
3e
cσT
) 1
3
(8)
≃ 100
(
Γ
156
)−1 (α
7
)− 2
3
(
ǫB
9× 10−4
)− 1
2
×
( n0
1 cm−3
)− 1
6
, (9)
where Γ = 156 is the value at t = 5.6× 106 s (tobs ≃ 80
s) in our simulation.
The value in Equation (9) is based on the analytical ap-
proximation. Given a value of η, our simulation directly
provides the magnetic field, and γmax obtained numeri-
cally: B = 2.3 G and γmax = 8.7 × 10
7 (7.8 × 106) for
η = 1 (100) at t = 5.6× 106 s. The Larmor radius of the
maximum-energy electrons is 6.5×1010 cm (5.8×109 cm)
for η = 1 (100). We can obtain a value of η consistent
with η ∼ rL/λmin adjusting the parameter α as
η ≃ 100
(α
5
)−1( rL
5.8× 109cm
)( n0
1 cm−3
)1/2
. (10)
The fiducial value of α ∼ 10 can barely realize the re-
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quired limit η ∼ 100 at the maximum energy, but to
achieve the ideal value η = 1, a very large α ∼ 5000 is
required. Note that the Larmor radius for γm = 1.7×10
4
is comparable to the ion skin depth, namely shorter than
λmin for α & 10. The acceleration processes around γm
and γmax may be different, though we have assumed a
single power-law injection.
Our parameter values of ǫe/fe = 0.2 and ǫB/fe =
3 × 10−3 are significantly larger than those in the af-
terglow model in MAGIC-MWL paper, ǫe/fe = 0.07
and ǫB/fe = 8 × 10
−5. Adopting the simple analyti-
cal formulae for the spectral break energies neglecting
the inverse Compton cooling (see F17), the parame-
ter set of the model in MAGIC-MWL paper provides
εc ≃ 170 keV ≫ εm ≃ 60 eV at tobs = 80 s. Our nu-
merical calculation with the same parameter set as that
in MAGIC-MWL paper leads to a dimmer synchrotron
flux than the observed one by a factor of ∼ 10. Thus, we
need to adopt larger values of ǫe/fe and ǫB/fe in our nu-
merical method. Those requirements are similar for the
results with Method II as well. In both of the methods,
model fitting with ǫB/fe ≪ 10
−3 is difficult to reproduce
both the synchrotron and SSC fluxes.
The analytical estimate for our parameter set in F17
gives us εc ∼ 3εm ∼ 2 keV. The strong magnetic field
leads to close values of εc and εm. Our numerical result
shows a smoothly curved spectrum so that it is hard to
identify the break energies of εm and εc. The synchrotron
peak in Figure 2 is slightly higher than the analytical
estimate of εc (see F17 for the detailed differences from
the analytical formulae). To keep a high flux above εc,
especially at GeV, a small index of p < 2.5 is required in
our model.
Ajello et al. (2020) concluded that the X-ray spectral
break (∼ 5 keV) is due to εc. However, the analytical
light curve for εm < εobs < εc is shallower (∝ t
3(1−p)/4)
than the observed XRT light curve (∝ t−1.3). Our X-ray
light curve also shows a slightly shallower decay than the
observed one.
4.2. Wind Model
Ajello et al. (2020) claimed that the wind model can
reconcile the XRT light curve and the spectral–temporal
closure relation at εm < εobs < εc. However, the wind
model in MAGIC-MWL paper disagrees with the high
flux of the early MAGIC light curve. Fraija et al. (2019)
proposed a possible transition from wind-like medium to
ISM-like medium at tobs = 300–400 s. Here, we also test
the wind model with our numerical code.
While a constant density was assumed in F17, we can
simulate the afterglow in a wind-like circumstellar envi-
ronment with the same numerical code adopting a den-
sity profile
n = 3.0× 1035AR−2 cm−3, (11)
where the dimensionless parameter A is interpreted
by the mass-loss rate of the progenitor star as
10−5A M⊙ yr
−1 with the wind velocity of 103 km s−1.
The evolutions of the bulk Lorentz factor Γ and the mag-
netic field B are shown in Figure 4. In the asymptotic
region (t & 107 s), the bulk Lorentz factor agrees with
the analytical estimate of Γ ∝ t−0.5, while the magnetic
field behaves as B ∝ t−1.4 slightly shallower than the
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Fig. 4.— Evolutions of the bulk Lorentz factor (red, left axis)
and the magnetic field (blue, right axis) for the wind model. The
time t is measured in the central engine rest frame. The vertical
dashed line corresponds to the deceleration time, and the two ver-
tical dotted lines indicate ∼ 80 s and ∼ 1000 s as the observation
time on earth, respectively.
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Fig. 5.— Model spectra at tobs = 80 s for the wind model. We
adopt the acceleration efficiency parameter η = 1 for the thick solid
line. The thin lines show model spectra with η = 10, 100, 1000,
3000, and 10000, decreasing the 100 MeV flux. The spectral peak
at ∼ 1–10 eV is the “reverse shock” component we set manually.
analytical approximation B ∝ t−1.5. At the time corre-
sponding to tobs ∼ 80 s, Γ deviates from the asymptotic
power-law evolution, which slightly affects the light curve
behaviour.
At t = 2.6 × 106 s, which corresponds to tobs ≃ 50
s, we add the reverse shock component with the energy
density of 1.7 erg cm−3 and the peak energy of 2.1×10−2
eV in the shell rest frame. The spectral indices are the
same as the ISM case.
As shown in Figure 5, we obtain similar spectra to
those for the ISM model at tobs = 80 s. The constraint
for η for the wind model is also similar to that for the
ISM model; η . 100 is required as shown in Figures 5
and 6. The combinations of the parameters ǫe/fe = 0.27
and ǫB/fe = 4 × 10
−3 in our models are different from
those for the wind model in MAGIC-MWL paper (0.6
and 10−4, respectively). Similarly to the ISM model, the
break energies of εm and εc reside in the X-ray band at
tobs = 80 s.
Even with the wind model, we obtain similar light
curves to those in the ISM model. Contrary to expec-
tation suggested by Ajello et al. (2020), the X-ray model
6 Asano, Murase & Toma
???????
?????????
??????????
??????????????
???????????????
??????????????????
???????
???? ??? ??? ??? ??? ???
?????
????
????
????
Fig. 6.— Model light curves for the wind model. The thick lines
show the model with η = 1. The red thin lines show the light curves
for 0.1–1 GeV with η = 10, 100, 1000, 3000, and 10000, decreasing
the flux. The optical bump at ∼ 20–100 s is the “reverse shock”
component we set manually.
light curve is shallower than the XRT light curve for
tobs < 10
3. In our parameter set, the X-ray (∼ 0.7
keV) energy range is still below εm(< εc), where the
flux is supposed to be constant in the analytical for-
mula. The early optical bump at tobs ∼ 1 s in Figure 6
is originated from synchrotron emission from secondary
electron–positron pairs injected due to very high-density
environment in the very early epoch.
In both the ISM and wind models, the magnetic field
and Lorentz factor at the time corresponding to tobs ≃
80 s are similarly a few G and ∼ 100, respectively (see
Figures 1 and 4). We can expect that those values do not
largely depend on models, though ǫB itself is not strongly
constrained because of the uncertainty in fe.
5. THERMAL SYNCHROTRON EMISSION
If a fraction of electrons are not injected into the ac-
celeration process (i.e., fe < 1), such “thermal” elec-
trons also emit synchrotron photons. Eichler & Waxman
(2005) pointed out that the thermal synchrotron emis-
sion is expected in the radio wavelength at the early
phase (see also Warren et al. 2017, 2018), and it is nat-
urally expected for non-relativistic or trans-relativistic
shocks Samuelsson et al. (2020). However, the early-
phase (t . 102 s) radio observation is challenging mis-
sion. Toma et al. (2008) argued that the Faraday depo-
larization effect by the thermal electrons can be probed
by the late-phase polarimetric observations at the ra-
dio frequencies above the synchrotron self-absorption fre-
quency. The relatively low polarization (∼ 0.3%) of the
GRB 171205A afterglow in the millimeter and submil-
limeter ranges may imply fe ∼ 0.1 (Urata et al. 2019),
though it is difficult to set a robust lower-limit for fe.
While the radio observations have been focused in this
issue, Ressler & Laskar (2017) claimed that early X-ray
and optical afterglow could be dominated by the thermal
synchrotron component.
Here we discuss an alternative interpretation with the
early thermal synchrotron signal for GRB 190114C. If fe
is small enough, the early optical emission can be inter-
preted as the thermal synchrotron emission rather than
the reverse shock component as shown below.
Given the evolution of the bulk Lorentz factor as shown
in Figure 1 or 4, we can estimate the density of the ther-
mal electrons nth = (1− fe)nsh, where
nsh ≈ 4Γn, (12)
and their temperature T from the energy density,
3Tnth = Γ
(
1 + ǫth
mp
me
)
nthmec
2. (13)
Here we have introduced a parameter ǫth, the frac-
tion of the energy transferred from protons to ther-
mal electrons. Several PIC simulations of relativis-
tic shocks (e.g., Spitkovsky 2008; Sironi & Spitkovsky
2011; Kumar et al. 2015) have shown that the ion Weibel
instability significantly heats incoming electrons in the
upstream. The thermal electron energy density in the
downstream reach the nearly equipartition with the ion
energy density, so that we can expect ǫth ∼ 0.1–0.5 ac-
cording to those simulations. A fraction of electrons are
reflected at the shock entering the Fermi acceleration
process. The simulations by Sironi & Spitkovsky (2011)
with Γ = 15 are consistent with fe ∼ 0.02 and ǫe ∼ 0.1.
Given the uniform intensity I0(ε) at a stationary sur-
face of radius R, the luminosity is calculated as L0(ε) =
4π2R2I0(ε). If this surface is relativistically expanding
with a Lorentz factor Γ, the solid angle an observer can
see is Ω ≈ π(R/ΓDA)
2 because of the relativistic beam-
ing effect, where DA = DL/(1+ z) is the angular diame-
ter distance. Using the Luminosity distance DL and the
transformation
I(ε) ≈
(
Γ
1 + z
)3
I0 (ε0) , (14)
within this solid angle, we obtain the spectral flux for an
observer as
Fobs(ε) ≈ I(ε)Ω ≈
Γ(1 + z)
4πD2L
L0 (ε0) , (15)
where ε0 = (1 + z)ε/Γ.
With the effect of synchrotron self-absorption, the in-
tensity of the thermal synchrotron emission is written
as
Ith(ε) =
2ε2T
c2h3
(
1− e−τ(ε)
)
, (16)
where τ(ε) = α(ε)∆R is the optical depth. In a thermal
plasma, the absorption coefficient is
α(ε) =
jth(ε)c
2h3
2ε2T
, (17)
where jth(ε) is the thermal synchrotron emissivity cal-
culated from the magnetic field and the electron energy
distribution
dnth
dεe
=
nth
2T 3
ε2e exp (−εe/T ). (18)
The single-zone approximation with particle number con-
servation provides us the shell width in the shell rest
frame as ∆R = R/(12Γ) and R/(4Γ) for the ISM and
wind cases, respectively. Finally we obtain the thermal
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synchrotron flux for an observer as
Fth(ε) ≈ π
(1 + z)3
Γ
(
R
DL
)2
2ε2T
c2h3
(
1− e−τ(ε0)
)
.(19)
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Fig. 7.— Model spectra for the thermal synchrotron emission at
tobs ∼ 50 s in the ISM model. The evolutions of the Lorentz factor
Γ and magnetic field B are the same as those in Figure 1. We
fix fe = 0.01, and adopt ǫth = 0 (solid) and 6 × 10
−4 (dashed),
respectively.
Given the Lorentz factor and magnetic field (see Figure
1), Equation (19) provides us the thermal synchrotron
spectrum at an arbitrary time tobs = (1 + z)t/(4Γ
2) as
shown in Figure 7. To make the thermal synchrotron
flux comparable to the observed optical flux, we need
fe . 0.01, namely the number density of the thermal
electrons is required to be more than 100 times the non-
thermal electron density. In Figure 8, we plot the ther-
mal synchrotron light curves with fe = 0.01. Even with
a small value of ǫth < 10
−3, the thermal emission can
reproduce the optical flux at tobs = 50–60 s without the
reverse shock component.
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Fig. 8.—Model light curves for the thermal synchrotron emission
in the ISM model. The evolutions of the Lorentz factor Γ and
magnetic field B are the same as those in Figure 1. The black thin
dashed line is the same non-thermal model for the optical band in
Figure 3. The thermal optical (black), infrared (K band, red), and
radio (100 GHz, blue) are plotted. We fix fe = 0.01, and adopt
ǫth = 0 (solid) and 6× 10
−4 (dashed), respectively.
The characteristic point in the thermal model is the
light curve crossing for the optical and infrared bands
at tobs ∼ 100 s (300 s) for ǫth = 0 (6 × 10
−4). Such
behavior is hard to be realized by non-thermal emission
mechanisms.
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Fig. 9.— X-ray Model light curves for the thermal synchrotron
emission in the ISM model. The non-thermal X-ray fluxes
(εobsF (εobs), shaded regions) at 0.7 keV (blue) and 15 keV (ma-
genta) are estimated from the data in Ajello et al. (2020) assum-
ing εobsF (εobs) ∝ ε
0
obs
. The evolutions of the Lorentz factor Γ
and magnetic field B are the same as those in Figure 1. The ther-
mal synchrotron emission at 0.7 keV (blue) and 15 keV (magenta)
are plotted with parameter values of fe = 0.01 & ǫth = 6 × 10
−4
(thin solid), fe = 0.3 & ǫth = 0.01 (thick solid), and fe = 0.3 &
ǫth = 0.02 (thick dashed).
The value fe = 0.01 requires a very large energy
E0 = 3 × 10
55 erg, which can be regarded as a caveat of
the interpretation by synchrotron emission from thermal
electrons. Even assuming a reasonable value of fe = 0.3,
we can constrain the parameter value of ǫth from the
early X-ray light curves.
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Fig. 10.— The upper limits of ǫth in the ISM model. The pa-
rameter sets in the gray shaded region yield a brighter X-ray flux
than observed. The red line shows the value of ǫe = 0.06 (fe/0.3)
in our model.
Changing the value of fe, we obtain the upper limit of
ǫth from the constraints by the 0.7 keV and 15 keV light
curves. The result is shown in Figure 10. For a finite
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value of 1−fe, a value of ǫth larger than 10
−2 is unlikely.
Only the case of fe ≃ 1 is acceptable for ǫth & 10
−2.
The small ǫth does not agree with the present PIC simu-
lations of relativistic shocks. Our results imply that the
temperature of the thermal electrons should be not much
larger than Γmec
2 if a dominant fraction of electrons
remains thermal. Some additional effects to make the
thermal electrons re-enter the Fermi acceleration process
are required, which increases the non-thermal fraction
or makes all electrons be non-thermal population (i.e.,
fe ≃ 1).
In the wind model, the stronger magnetic field in the
early stage gives a more stringent upper-limit for ǫth than
that in Figure 10.
6. SUMMARY AND DISCUSSION
The inverse-Compton component detected with
MAGIC telescopes from GRB 190114C uniquely con-
strains the magnetic field and non-thermal electron pop-
ulation at the early phase of the afterglow. In this paper,
using our time-dependent code (method I) provided by
F17, we reproduced the broadband spectrum and light
curves of the early afterglow of GRB 190114C. The flux
ratio of the inverse Compton component to the syn-
chrotron component at tobs ≃ 80 s is consistent with
the models with microscopic parameters of ǫe/fe ∼ 0.1
and ǫB/fe ∼ 10
−3, irrespective of the models of the cir-
cumstellar environment (ISM or wind). The independent
numerical code (method II) also provides a result consis-
tent with ǫB/fe ∼ 10
−3. The required magnetic field and
Lorentz factor are a few gausses and ∼ 100, respectively,
at the time corresponding to tobs ≃ 80 s.
However, the observed decay index of the X-ray after-
glow is slightly steeper than the model light curves. The
spectra shown in Ajello et al. (2020) do not show a sig-
nificant evolution of the break energy (∼ 5 keV) from
tobs = 68 s to 627 s, which does not agree with both
the standard ISM and wind models for both the fast
(εc < εm) and slow (εm < εc) cooling cases. Although
this unexpected behavior of the break energy may re-
quire the time evolution of the microscopic parameters
even for this time interval, the strength of the magnetic
field can be expected not far different from our estimate
at least at tobs ≃ 80 s (see §3).
The flux detected with Fermi above 0.1 GeV con-
strains the acceleration efficiency parameter as η .
100, which adjusts the maximum electron Lorentz fac-
tor γmax. The acceleration timescale is required shorter
than 100/(2π) ∼ 20 times the gyroperiod. The simple es-
timate η ∼ γmaxmecωpp/(10eB) supported by the state-
of-art PIC simulations seems to be marginally consistent
with η ∼ 100. If the actual η is much smaller, the max-
imum energy of non-thermal electrons would need to be
regulated by another mechanism rather than the diffu-
sive process seen in the early stage of the Fermi acceler-
ation in the PIC simulations. For example, a large-scale
MHD turbulence may play an important role in acceler-
ation of the highest energy electrons (Zhang et al. 2009;
Inoue et al. 2011; Demidem et al. 2018; Teraki & Asano
2019). Note that the Larmor radius of electrons of γm
may be shorter than the coherence length scale λmin of
turbulence required to make η small enough. This im-
plies a different acceleration process for such low-energy
electrons. The entire particle acceleration mechanism at
relativistic shocks may be a compound one.
It is natural that only a fraction of electrons are ac-
celerated by the shock and the rest of electrons remain
as the thermal component, which is especially the case
for mildly relativistic shocks. The early optical and X-
ray afterglow emissions constrain the non-thermal frac-
tion fe and the heating efficiency ǫth of the thermal
electrons. Intriguingly, we found that the thermal syn-
chrotron model with fe = 0.01 and ǫth = 6 × 10
−4 can
explain the early optical emission instead of the reverse
shock emission, although the required total energy be-
comes as large as E0 = 3 × 10
55 erg. This model pre-
dicts a characteristic behavior of light curves – light curve
crossing for the optical and infrared bands. However, this
interpretation would contradict with the results of the
PIC simulations for ultra-relativistic shocks. The PIC
simulations have shown fairly large values of ǫth, i.e., a
significant fraction of electrons are heated. In this case,
if fe ≪ 1, the thermal X-ray emission should contribute
to the early afterglow. The absence of such a component
in the X-ray light curves rules out values ǫth & 10
−2 or
indicates fe ≃ 1. Those results provide us important clue
to probing plasma physics with relativistic shocks.
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